We determined the nature of the fourth nucleotide from the 3'-end of several Escherichia coli tRNAs, and tabulated these results with the same data for all known tRNA sequences. We find a striking constancy of the fourth nucleotide in tRNAs specific for a given amino acid. Furthermore, tRNAs specific for chemically related amino acids are very likely to have the same nucleotide at the fourth position.
The specific recognition of a protein by a nucleic-acid macromolecule is a well studied, but still poorly understood, process. One of the best model systems for this process is the proper recognition of tRNA by the cognate aminoacyl-tRNA synthetase. This recognition must be remarkably specific in order for the enzyme to discriminate between structurally very similar tRNA molecules so as to ensure the correct translation of the genetic message. Although the great advances in the methodology of sequencing nucleic acids have provided much detailed insight into tRNA primary structure, no clear ideas on which features of the tRNA molecule are recognized by the enzyme have emerged. Indeed, a multitude of observations that are seemingly contradictory from species to species raise doubts whether there is a uniform recognition mechanism for all tRNAs (1) . All this, of course, is related to the tertiary structure of tRNA which, at present, is not understood.
Since the tRNAs specialize in recognizing with a high degree of fidelity very many different codons, one of the early thoughts on recognition attributed specificity to the anticodon region (2) . This general notion was specifically contradicted by evidence on suppressor tRNA (3) and the fact that tRNAs with seemingly unrelated codons (e.g., serine) are recognized by one enzyme (4) . Studies onmodification of tRNA by UV irradiation led to the proposal that the three last base-pairs in the amino-acid acceptor stem are the specific recognition site (5) . That this simple proposal was also not universally applicable was soon evident; for instance, from studies with isoacceptor tRNAs from various sources that showed differences in this region, yet were recognized by the same enzyme (6) (7) (8) . The method of "dissected molecules," fragment reconstitution studies, gave indications for the importance of the acceptor stem region (9, 10) , of the anticodon region (10, 11) , of the dihydrouridine loop region (12) and of the dihydrouridine and TVC stems (13) in enzyme recognition. More recently, the working hypothesis of Dudock (14, 15) on the heterologous mischarging of tRNA by yeast phenylalanine tRNA synthetase implicated the double-helical stem of the dihydrouridine loop and the-fourth base from the acceptor end as intrinsic for the recognition by this enzyme. Studies on mutant tyrosine (16) and tryptophan (17) tRNA and of isoaccepting leucine (8) tRNA sequences show that this proposal in its simplest form may not be generally applicable. Lastly, mutants with sense changes in the recognition of tRNA (18, 19) have been shown to result from single base changes in the acceptor stem region. The nature of the amino acids charged by these tRNAs is not definitely known. However, the nature of the Su7+ mutation in Escherichia coli (20) seems to be a single base change in the anticodon of a tryptophan tRNA, which now will accept glutamine (L. Soll and M. Yaniv, personal communication). Thus, a base change in the anticodon brings about a change in the recognition by the aminoacyl-tRNA synthetase.
The sum of these observations seems to indicate that there is no single universal recognition mechanism, since different regions of the molecule are implicated in various instances. The opposite extreme to a universal mechanism is specific adaptation of each synthetase to its tRNA, the details depending on amino acid and species. Such an individualized recognition code would be a striking contrast with the universality of the genetic code.
Before abandoning all visions of a coherent recognition code, it seemed to us appropriate to examine the implications of intermediate mechanisms between the two extremes. Specifically, we asked whether there could be one site in tRNA that is universally a part of the recognition process. For example, the nature of a single nucleotide at a "discriminator" position in tRNA could serve to divide all tRNAs into four classes, with different mechanisms for detailed recognition within each class. Such a code would be logically hierarchical, since it could be described by an ordered sequence of recognition steps, progressing from main classifications to subdivisions. The first in this hierarchy of importance would be the universal "discriminator" site.
If there is such a discriminator site, tRNA base sequence must follow simple regularities at that position. The corresponding nucleotide must be variable enough to provide division into classes, yet constant for all tRNAs that accept the same amino acid. These criteria are very restrictive: because of the redundancy of the genetic code, no position in the anticodon meets them fully, although the middle nucleotide in the anticodon would do so except for the existence of serine anticodons containing G or C at that site. Furthermore, several of the experiments quoted earlier seem to eliminate the anticodon as a universal component for the recognition process, so we decided to search elsewhere for a discriminator site.
The best alternative possibility we have found is the 4th nucleotide from the 3' end of the tRNA chain. No position completely satisfies the rigid sequence criteria specified above, but the deviations are minimized for the 4th nucleotide. Since the nature of this base was not known for every aminoacyltRNA, we completed the table in those unknown cases by determining the sequence of the 3' end of the appropriate E. coli tRNAs.
The results of this tabulation lead to one major observation: If two amino acids have chemically related side chains, their tRNAs are very likely to have the same nucleotide at the 4th position. In other words, we point out a correlation between the chemical classes of amino acids and the classes defined by the putative tRNA "discriminator "site. These general ideas can be tested by further experiments and, if correct, could have important implications for the evolutionary origin of the molecular constituents of the genetic coding apparatus. MATERIALS (8) . This tRNA was aminoacylated with E. coli aminoacyl-tRNA synthetases (prepared from the same strain), partially purified on DEAE-cellulose. The extent of aminoacylation (checked in a preliminary small scale experiment) for lysine, threonine, and cysteine was 100, 80, and 25 pmol/A2eo unit, respectively. The aminoacid acceptor end of tRNA was isolated by chromatography on benzoylated DEAE cellulose as described in the text and Fig. 1 . The pooled peak fraction (Fig. 1B) was deacylated by incubation at pH 9 (0.5 M Tris-HC1, 370, 1 hr), and the resulting oligonucleotide was treated with ribonuclease U2. The resulting digest was separated by paper electrophoresis, and the oligonucleotides were sequenced according to the methods developed by Sanger (21) . RESULTS Our ideas are based on the fact that after careful examination of all positions in the tRNA molecules of known sequence, the fourth nucleotide from the 3'-end was the best candidate for a discriminator role in the recognition by the aminoacyltRNA synthetases. We then wanted to know if there exists any regularity between the nucleotide found in that position and the amino acid to be charged. Sequence data were available for all aminoacid acceptor RNAs except those for cysteine, lysine, and threonine. We therefore determined the nucleotide sequences of the 3'-end of those tRNAs using selective retardation of phenoxyacetylaminoacyl-oligonucleotides on benzoylated DEAE-cellulose columns as a simple purification method. First, unfractionated E. coli tRNA was enzymatically acylated with the particular ['H]-or ["Slaminoacid, then it was chemically phenoxyacetylated according to Gillam et al. (22) . The derivatized aminoacyl-tRNA was degraded with T1 ribonuclease, and the total digest was chromatographed on a benzoylated DEAE-cellulose column. The derivatized aminoacyl oligonucleotides were retarded and could be eluted from the column only when alcohol was added to the gradient (for example, see Fig. 1A ), as seen from the tritium counts from the aminoacid-acceptor oligonucleotide. The resulting oligonucleotide fractions were chromatographed again on the same column to further separate some 12P-labeled contamination (see Fig. 1B ). After chemical deacylation, the sequence of the radioactive oligonucleotide was determined as described in Methods. tRNALYS had the terminal sequence-ACCAOH, tRNAThr had -GCCAOH, and tRNACYS had -ACCAOH.
Proc. Nat. Acad. Sci. USA 69 (1972) 2 Table 1 summarizes the known nucleotides at the 4th position from the 3'-end of tRNA. In Table 2 we present the same information according to the classes defined by this putative discriminator site. We have chosen to express the data in terms of five classes since tRNAArg and tRNALYa from yeast both contain either a G or a U at the discriminator site. All other known tRNAs for a given amino acid have a single, uniform discriminator nucleotide within a species. The regularity across species lines is also great; the only known exceptions are arginine/lysine and tryptophan, which differ in yeast and E. coli. These considerations are based on the limited number of tRNA sequences now known. Within that sample the correlations are striking, although it remains possible that the apparent order is due to chance. It is difficult to give a precise indication of the statistical significance of the observations, since many parameters such as the relative probability of nucleotides A, G, C, and U at the 4th position are not known, nor is it known to what extent the base sequence of isoaccepting tRNAs are genetically related, and therefore, necessarily similar at certain positions. It is, however, possible to reduce the problem and to calculate some illustrative numbers. For example, assuming A and G occur with equal frequency at the 4th position, the random probability of observing the groupings Ala/Ile/Leu/Val/Phe; Ser/Thr; Glu/Asp; Gln/Asn is 2-7 or /a28. It is our view that the probability is greater than 90% that the observations collected in Table 2 have some nonrandom significance.
DISCUSSION
Our argument for an important role for the 4th nucleotide is strengthened by other recent reports. For example, Dudock et al. (14, 15) infer that that position is involved in recognition by yeast phenylalanyl-tRN-A synthetase. Furthermore, change of the 4th nucleotide from A to G in tRNATYr (E. coli) leads to mistaken recognition. Our scheme predicts that the new amino acid should be of the G discriminator class; Shimura et al. (18) claim that in vitro glutamate (G class) is inserted, although it seems to be uncertain what the consequences of that mutation are in vivo. Our simple ideas also predict that mutations other than at the discriminator site should produce insertion of amino acids within the same class, as is the case for the Trp --Gln change that is due to an alteration of the anticodon in E. coli tRNATrP (L. Soll and M. Yaniv, personal communication). We are, however, hesitant to emphasize too heavily these predictions on the nature of mischarging mutations in tRNA, since they assume heavy dominance of the discriminator site in the recognition process, an assumption for which there is not compelling evidence.
Biochemistry: Crothers et al.P
If it be granted that there is a correlation between the discriminator nucleotide and the chemical nature of the amino acid, then we must inquire after its source. We see two main limiting explanations: (i) The correlation arises because the 4th nucleotide interacts with the amino acid in the enzymemediated recognition process. It would be natural that chemically similar amino acids should require the same discriminator nucleotide. According to this idea, the regularities at the 4th position are a product of evolutionary development, and they do not imply a hierarchical recognition code.
(ii) The other limiting explanation, more speculative but potentially more interesting, is that the presence of a discriminator site reflects the evolutionary origins of tRNA and the genetic code. It is likely that the primitive genetic coding apparatus was unable to distinguish between chemically similar amino acids, but could only divide them into classes based on their general chemical properties. The more subtle distinctions within each class must have followed at a later stage. It is plausible that the recognition code for amino acids of one class could develop differently from that for another class, and a nonuniversal recognition mechanism could result. If the initial discriminator site and the class-specific recognition mechanism were maintained through evolution, there would be a hierarchical recognition code. Furthermore, the discriminator classes would reflect the primitive categorization of the amino acids.
It is evident from Table 2 that the present members of the discriminator classes do not entirely fit any simple view of this primitive categorization, since-for example-in E. coli Arg and Lys are in the same class as the hydrophobic amino acids, and it is difficult to see how free substitution within this grouping could have been acceptable even to a primitive system. However, some of the amino acids may have been added at a later stage and their presence would obscure the primitive classes.
Another crucial question that this general view raises is the relation between the discriminator base and the anticodon. One observes, for example, that all the tRNAs that have A as the middle nucleotide of the anticodon fall in the A discriminator class. This correlation breaks down in other cases, however. If the second hypothesis for the origin of discriminator classes is correct, it clearly has important consequences for understanding the origin of the genetic code, and will permit some interesting speculation on that subject.
There are other possible explanations for the source of the observed discriminator regularities, some of them combinations of i and ii. For example, one could propose that the primitive discriminator site involved more than one nucleotide in what is now the tRNA stem region. Then, as the evolution of the synthetases and tRNA provided more varied recognition mechanisms, the other uniform sites vanished except at position 4. This last site could have been universally maintained because it is in a position to interact directly with the amino acid.
Thus, the question posed in the title to our paper is still unanswered, since a discriminator site in a strict sense implies a logically hierarchical recognition code. (We would not call a site that failed to subdivide the recognition code a "discriminator" site.) Therefore, the kind of evidence that will decide this question is closely related to the detailed nature of recognition. For example, if it can be shown that tRNAs in the G discriminator class use the anticodon region for recognition while those in the A class do not, then the discriminator hypothesis will grow in stature. The point to look for is a correlation of the locus whose sequence is recognized with the nature of the discriminator nucleotide. We expect that tRNA mutations that produce mischarging will be crucial in establishing these patterns.
In summary, it is our view that there is a significant correlation between the chemical nature of an amino acid and the 4th nucleotide from the 3'-end of its corresponding tRNA. Experimental clarification is needed for the origin of this correlation, but whatever its source one can except illumination of the problem of tRNA recognition. and possibly also of the evolutionary origin of the recognition code.
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